Abstract
Fertilized White Leghorn chicken and quail (Coturnix coturnix japonica) 118 eggs were obtained from commercial breeders and maintained at 37°C in a 119 humidified incubator. Embryos were staged according to the Hamburger and 
120
Hamilton (HH) tables (Hamburger and Hamilton, 1951) or the number of 121 embryonic days (E).
122
Organ culture assays
123
To study the chemoattractive role of exogenous GDNF and ET3, the intes-
124
tinal tract was removed from E8 chick embryos and placed in a three-dimensional 125 collagen gel matrix. Collagen gels were prepared by adding 1 N NaOH and 1 mg/ 126 ml type I rat tail collagen (BD Biosciences) to DMEM medium (Gibco) supple-
127
mented with 1% penicillin-streptomycin. GDNF (10 ng/ml; R&D Systems),
128
ET3 (250 ng/ml; Sigma), or BQ788 (5 μM; Sigma) was added to the collagen gel 129 as previously described (Goldstein et al., 2005) .
130
To study the role of ET3 on NCC migration and differentiation along the gut, hindgut. CAM grafts were performed using E5 hindguts and 271 these remain completely aganglionic (Fig. 3D) 
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279 antibody was used as a marker of neuronal differentiation and 280 HNK-1 as a marker of all enteric neural crest cells. In wild-type 281 E5 embryonic gut, Hu-expressing crest-derived cells were pre-282 sent in the rostral midgut and absent from the caudal region of 283 the midgut and the entire hindgut (Fig. 4A) . By E8, Hu-positive 284 crest-derived cells have reached the terminal hindgut (Fig. 4B ).
285
In control medium containing no added proteins (n = 24), 286 complete colonization of the hindgut was observed after 72 h in 287 culture (Fig. 4C) . The same results were obtained in the pre-288 sence of purified ET3 (Fig. 4D, serving as a source of enteric crest cells (Fig. 5D ). The trans- Grafts were analyzed by immunohistochemistry using spe-319 cies-specific and cell-specific antibodies to look at the origin of 320 the cells and their capacity to differentiate. As expected, the quail 321 nuclear marker, QCPN, heavily stained the epithelium and 322 mesenchyme of the graft, while it did not stain the presumptive 323 neural plexuses (Fig. 5H, arrows) . Those plexuses, both sub- (Fig. 5J) , neuron-specific Hu (Fig. 5K ) and 330 neurofilament (Fig. 5L) , and glial-specific BFABP (Fig. 5M ).
331
We conclude that, in this chimeric system, NCC from the chick 332 host colonize the quail hindgut graft and form two ganglionated Inset shows a longitudinal section through the ceca, demonstrating mesodermal expression. From E5 through E9, ET3 is expressed in the outer mesenchyme along the entire midgut and hindgut, shown in longitudinal (D-F) and transverse (B) sections. Whole-mount of an E5 gut shows EDNRB-expressing neural crest cells in the gizzard, with the wavefront of EDNRB-expressing cells in the duodenum (G, arrowheads). Transverse section of an E7 proximal hindgut (H) shows EDNRB expression in the myenteric and submucosal plexuses. Crest cell expression is also evident at E9 in a whole-mount (I), midgut section (J), and longitudinal section of the distal gut (K). ep, epithelium; hg, hindgut; mg, midgut; mp, myenteric plexus; nt, neural tube; smp, submucosal plexus. 
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339 Inhibition of EDNRB signaling leads to severe 340 hypoganglionosis in the hindgut
341
The organ culture experiments shown in Fig. 4 demonstrate 342 that NCC cannot migrate past the ceca in the absence of ET3 343 signaling. Therefore, in order to study the role of ET3 within the 344 postcecal hindgut, we used chick-quail intestinal transplants. 345 Preganglionic hindguts were isolated from E5 quail embryos. 346 The ceca, cloaca, and nerve of Remak were removed to eli-347 minate any intrinsic sources of NCC. Hindguts were then cul-348 tured overnight in collagen matrix containing media alone 349 (controls, n = 15; Fig. 6A ), 250 ng/ml ET3 (n = 36; Figs. 6B-E), 350 or 20 μM BQ788 (n = 42; Figs. 6F, G). Following removal from 351 the collagen gel, hindguts were transplanted into the coelomic 352 cavity of E3 chicken embryos as described above. Analysis of 353 the hindguts after 7 days of incubation revealed that chicken-354 derived neural crest cells, identified by their immunoreactivity 355 to 8F3, HNK-1, and Hu, are present in the ET3-treated quail 356 guts and form well developed submucosal and myenteric ganglia 357 (Figs. 6B-E). These ganglia appear markedly increased in 358 number and size as compared to untreated controls (Fig. 6A) . 359 Hindguts treated with BQ788, on the other hand, demonstrate 360 marked hypoganglionosis, with the development of few and 361 very small enteric ganglia (Figs. 6F, G). The total number of 362 ganglion cells was counted in untreated, ET3-treated, and 363 BQ788-treated hindguts and the data are summarized in Fig. 7 . 364 ET3 treatment produced significant hyperganglionosis, while 365 inhibition of EDNRB activity yielded severe hypoganglionosis. 366 The effect on ganglion cell number was seen equally in both 367 submucosal and myenteric plexuses.
368
To locally inhibit EDNRB signaling and verify our findings, 369 BQ788-coated beads were implanted into the wall of E5 370 hindguts prior to coelomic transplantation (Fig. 6H) . After 7 371 days of transplantation, guts were sectioned and analyzed for 372 the presence of NCC. Enteric ganglia adjacent to ET3 beads The data also suggest that BQ788 treatment reduces the 399 density of BrdU+ cells in enteric ganglia relative to controls. To 400 ensure that this effect is specific to the ganglia and not a non- In wild-type E5 gut, NCC are present only in the proximal midgut (A, arrow) and absent distally. E8 wild-type intestine contains Hu-immunoreactive cells along its entire length (B). An E5 gut cultured for 72 h with no added proteins (C) looks indistinguishable from a wild-type E8 gut (B). When cultured in the presence of excess ET3 protein, no effect on migration is seen (D), while in the presence of BQ788, crest cell migration is arrested at the ceca and the hindgut is aganglionic, as shown by the absence of Hu+ (E) or HNK+ (F) cells. hg, hindgut; mg, midgut; noR, nerve of Remak. Fig. 5 . Chick-quail intestinal transplants recapitulate normal ENS development. The E5 quail aneural hindgut was removed and transplanted into the coelomic cavity of an E3 chick embryo (A). Sagittal section of an E5 quail embryo stained with Hu (B) shows expression in the nerve of Remak (arrowheads), neural tube (nt), and dorsal root ganglia (DRG). Cross-sections from the isolated E5 quail hindguts before (C) and after (D) removal of the nerve of Remak (noR) are shown. Immediately following transplantation into the chick coelom, the carbon-labeled quail intestinal graft is visualized just ventral to the aorta (E, arrow). Two days after transplantation, QCPN-immunoreactive quail gut is seen adjacent to the host coelomic epithelium (F, arrow). The grafted intestine grows significantly after 7 days of incubation (G), as compared to the original size of the graft at the time of transplantation (G, inset). Seven days after transplantation, the quail hindguts were analyzed by immunocytochemistry. QCPN antibody demonstrates quail-derived cells throughout the gut, except for the neural plexuses, which remain unstained (H, arrows). These plexuses are comprised of 8F3-immunoreactive chicken cells (I), which also express the NCC marker HNK-1 (J), neuron-specific Hu (K) and neurofilament (L), and glial-specific BFABP (M). ep, epithelium; DRG, dorsal root ganglia; hg, hindgut; mp, myenteric plexus; noR, nerve of Remak; nt, neural tube; smp, submucosal plexus.
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406 in the mesenchyme. None of these differences were statistically 407 significant.
408
ET3 could also increase ganglion size by preventing apop-409 tosis of crest-derived cells. Double immunofluorescence was 410 performed using an antibody to activated caspase-3, a marker of 411 apoptosis, and HNK-1. Apoptotic enteric crest cells were not 412 seen in wild-type hindguts or in the presence of ET3 (not shown) 413 or BQ788 (Fig. 8G) . E6 dorsal root ganglion, which does contain 414 apoptotic NCC, is shown as a positive control (Fig. 8H) . The 6 . The presence of excess ET3 leads to hyperganglionosis. E5 quail hindguts were treated with ET3 protein (B-E) or BQ788 (F, G) for 24 h, transplanted into the coelomic cavity of E3 chick embryos, and allowed to develop for 7 days. A longitudinal section from a control transplanted gut without additive demonstrates normal ganglia (A). In the presence of excess ET3, ganglia are significantly increased in size and number, as shown by QCPN (B), 8F3 (C), Hu (D), and HNK-1 (E) staining. Inhibition of ET3 signaling with BQ788 leads to a marked reduction in the size and density of ganglia, shown by immunoreactivity to Hu (F) and HNK-1 (G). Acrylamide beads coated with either ET3 (I, J) or BQ788 (K, L) were implanted into preganglionic E5 quail hindguts that were subsequently transplanted into E3 chick embryos. A hindgut treated with a control bead (H, asterisk) is shown. Inset demonstrates the intestinal graft with bead at time of isolation from the chick coelom. In the presence of an ET3-coated bead (I, J), enteric ganglia are significantly increased in size as compared to those exposed to BQ788-coated beads (K, L). ep, epithelium; mp, myenteric plexus; smp, submucosal plexus.
U N C O R R E C T E D P R O O F
ET3 inhibits neuronal differentiation in the hindgut
419
The absence of hindgut colonization in the presence of 420 BQ788 may result not only from inhibition of crest-derived cell 421 proliferation but also from premature differentiation of those 422 
433
NADPH-diaphorase activity is present along the entire hind-434 gut in E8 wild-type embryos (Fig. 9A) . Following a 3-day 435 incubation of an E5 hindgut with purified ET3 protein in organ 436 culture, neurofilament is expressed along the length of the gut 437 (Fig. 9B) , similar to the expression of Hu (Fig. 4D) . However, 438 NADPH activity is only present in the midgut and ceca, and is 439 absent from the entire hindgut (Fig. 9C) , indicating a delay in 440 neuronal differentiation. Glial differentiation, as detected by 441 BFABP-immunoreactivity, is not inhibited (Fig. 9D) . Guts ex-442 posed to BQ788 show expression of neurofilament, NADPH, 443 and BFABP in the midgut and ceca (Figs. 9E-H (Fig. 10A) or presence of GDNF (Figs. 10B, C) .
456
Addition of GDNF to the culture medium resulted in significant 457 emigration of crest-derived cells out of the midgut and ceca into 458 the surrounding collagen matrix. Interestingly, GDNF did not 459 promote any cell migration from the hindgut (Fig. 10C) . The 460 addition of ET3 alone did not promote enteric crest cell mig-461 ration (Fig. 10D) . However, when ET3 and GDNF were added 462 together, migration was significantly decreased (Fig. 10E) . ET3 (Fig. 4E) .
497
We examined the expression of ET3 and GDNF during avian 498 gut development and find both genes initially expressed in the 499 ceca ( Figs. 1 and 2) , as has been demonstrated in mice (Leibl et however, is very transient, occurring just before E5 (Fig. 1C) , 502 and this may explain why it was not previously described in 503 chicks (Nataf et al., 1998) . GDNF is strongly expressed in the 504 ceca at E5 (Figs. 2C, D) . The timing of expression of both genes 505 is notable in that it occurs just prior to the arrival of crest- ly, using CAM grafts, we find that the first few crest-derived Fig. 7 . Inhibition of EDNRB signaling produces severe hypoganglionosis. Guts treated with ET3 or BQ788 for 24 h, followed by coelomic transplantation, were stained with HNK-1 and analyzed quantitatively. The total number of ganglion cells per high-power (200×) field was counted in untreated, ET3-treated, and BQ788-treated guts (n = 5 from each group). Error bars represent standard error of the mean. Statistical analysis was performed by one-way ANOVA using Tukey's Multiple Comparison Test (PRISM software). A P value <0.05 was considered significant. The difference between each of the three groups was statistically significant at P < 0.01.
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510 cells that reach the postcecal intestine, sometime between E5 511 and E6, are sufficient to populate the entire hindgut (Fig. 3) . 512 These results suggest two important aspects of the leading edge 513 of migrating crest-derived cells when they arrive at the ceca: 514 first, that they are exposed to a unique molecular environment 515 rich in ET3 and GDNF and, second, that those few leading cells F) and BrdU labeling performed. The presence of added ET3 led to a significantly higher percentage of BrdU-positive enteric ganglia as compared to controls and BQ788-treated guts (A). Double immunohistochemistry was performed on longitudinal sections through the midgut and hindgut. Numerous BrdU-positive epithelial cells, and scattered mesenchymal cells, were identified throughout the hindgut in an untreated control (B). Guts treated with BQ788 show very rare BrdU incorporation into HNK-1+ (C) or Hu+ (D) enteric neural crest cells in the midgut and ceca. In contrast, guts cultured in the presence of ET3 contain many ganglia in the hindgut that are positive for both BrdU and HNK-1 (E, arrows) or Hu (F, arrows). Sections from an E8 BQ788-treated gut (G) double-stained with an anti-activated caspase-3 antibody to detect apoptotic cells and anti-Hu to label neurons. Apoptotic epithelial and mesenchymal cells were present, but there was no evidence of colocalization of Hu with activated caspase-3 (G). The section shown in panel G is from the cecum of a treated gut. Apoptosis was detected in the dorsal root ganglion (H), used as a positive control. drg, dorsal root ganglion; ep, epithelium; mp, myenteric plexus; smp, submucosal plexus.
522 This idea has been proposed in mice, where EDNRB activation 523 inhibits laminin α1 production . Since laminin 524 α1 normally promotes neurogenesis (Chalazonitis et al., 1997) , 525 the loss of EDNRB activity would lead to an environment 526 promoting premature neuronal differentiation. This model may 527 not be relevant in avians, however, since EDNRB expression 528 does not appear to be present in the non-NCC mesenchyme 529 ( Fig. 1 ; Nataf et al., 1996) . ET3 and GDNF may have another 530 effect, yet to be defined, on the molecular environment of the 531 ceca and on the arriving crest-derived cells.
532
In order to investigate the role of ET3-EDNRB signaling in 533 the avian hindgut ENS, we developed a method for studying 534 ENS development using coelomic transplantation. Grafting of 535 tissue into the avian coelom is a well-established technique 536 that has been used to study development of the limb bud 537 (Hamburger, 1939) , lymphoid organs (Nagy et al., 2004) , and 538 hematopoietic tissue (Caprioli et al., 1997 avian-specific structure is needed.
584
The ceca are also removed from the grafts prior to trans- this is also true in the avian gut, where ET3 inhibits the 643 chemoattraction to GDNF (Fig. 10) , and by so doing may allow (Fig. 10) , suggesting the presence of other che-651 moattractive factors in the distal gut. Fig. 10 . ET3 inhibits the chemoattractive effect of GDNF. E8 gut was grown in collagen gel in the absence (A) or presence of 10 ng/ml GDNF (B, C), 250 ng/ml ET3 (D), GDNF+ET3 (E), or GDNF+ET3+ 5 μM BQ788 (F). While GDNF normally stimulates migration of neural crest cells from the midgut into the media (B, C), the presence of ET3 inhibits this GDNF-induced cell migration (E). The addition of BQ788 relieves the inhibitory effect of ET3 (F). The migrating cells are immunoreactive to HNK-1 antibody, confirming that they represent NCC (G). hg, hindgut; mg, midgut.
